. Active, Rolling Model for DNA Unwinding and Translocation by the Dimeric E. coli Rep DNA Helicase
The letter (P) indicates the Rep monomer. The letters (S) and (D) indicate single-stranded DNA and double-stranded DNA, respectively (Wong and Lohman, 1992) . the X-ray crystal structures of two forms of the Rep structure reported for the PcrA protein . As in the structure of PcrA, domains 1 (resiprotein bound to a short ss oligodeoxynucleotide, dT(pT)15, as well as a ternary complex containing both dues 1-276) and 2 (residues 277-670) each have a subdomain (1A and 2A) that is composed of a large central ssDNA and ADP. These complexes provide the first view of a helicase bound to DNA.
parallel ␤ sheet flanked by ␣ helices, and is strikingly homologous to the central region of the RecA protein . These RecA-like domains contain Results and Discussion large insertions that form the mostly ␣-helical subdomains 1B and 2B. Domain 1B is rather small and flat, while Structure Determination In the absence of DNA, the Rep protein (673 amino acids) domain 2B, larger and more triangular in shape, protrudes above domain 2A. Overall, the structure of this is a monomer in solution, and its solubility is low at low salt and low glycerol concentrations (Lohman et al., Rep monomer can be compared to a crab claw with one pincer larger (2B) than the other (1B). The two ␣-helical 1989). However, upon binding ssDNA, Rep is induced to form dimers (Chao and Lohman, 1991; domains are in limited contact and form the walls of a large cleft, the base of which is composed of surface Wong et al., 1992; Bjornson et al., 1996a) and its solubility increases dramatically. While the unliresidues from domains 1A and 2A. As demonstrated in this report, the base of this large cleft is a major compogated form of Rep is not easily crystallized, the protein bound to the ss oligodeoxynucleotide, dT(pT) 15 , crystalnent of the binding site for ssDNA. A positively charged groove is also observed between domains 1A and 1B lizes readily in the absence of Mg 2ϩ (see Experimental Procedures). Addition of Mg 2ϩ to the complex, or substiand constitutes another part of the DNA binding site. Finally, another important surface of the Rep monomer tution of longer or shorter ssDNAs or a 16 bp hairpin DNA resulted in complexes that did not yield crystals.
is between the two RecA-like domains, where a shallow cleft is formed: this region constitutes the ADP binding Crystals of the Rep complex with dT(pT) 15 diffract to a resolution of 3.0 Å with synchrotron radiation and are site. All three surfaces are indicated in Figure 5A . The second form of the Rep monomer (closed) obin the space group P4 3 2 1 2, with two Rep monomers in the asymmetric unit. The structure of the Rep complex served in the asymmetric unit is composed of the same four subdomains. However, the orientation of domain was determined using multiple isomorphous replacement with anomalous scattering (MIRAS) (Figure 2 and 2B relative to the three other domains is greatly changed (Figures 5B and 5E) . When domains 1A, 1B, and 2A Experimental Procedures). Refinement of the structure resulted in a final R value of 22.8% and a free R value of each Rep monomer are superimposed ( Figure 5C ), domain 2B is reoriented by a large swivel motion of of 32.8% at 3.0 Å resolution (Table 1) .
about 130Њ around a hinge region consisting of two short peptide linkers formed by residues 372-376 and resiTwo Conformations of the Rep Monomer The conformations of the two Rep monomers in the dues [538] [539] [540] [541] [542] [543] [544] [545] [546] . This large amplitude conformational change is the only significant difference asymmetric unit are not identical. The structure of each monomer appears (note: the coordinates of PcrA were between the two Rep monomers. Separately superimposing domains 1A, 1B, and 2A from the closed and not made available to us) to resemble that of the PcrA helicase from B. stearothermophilus (Subramanya et al., open Rep conformations or domains 2B of each conformation results in very close structures with rms devia-1996); they each comprise two domains (1 and 2), with each divided into subdomains (labeled 1A, 1B, 2A, and tions in main chain atoms of only 0.15 and 0.2 Å , respectively. 2B in Figures 3 and 4 , or color-coded yellow, green, red, and blue, respectively, in Figure 5 ). However, the relative The conformational transition of domain 2B, caused by a swivel motion about the hinge region between doorientation of these subdomains differs greatly in each Rep monomer. These two conformations of Rep are mains 2B and 2A, results in the closing of the large cleft formed in the open configuration of the Rep monomer described below and will be designated as the "open" and "closed" conformations, since a cleft within which by the four subdomains of the protein (see Figures 5A and 5D, and description above). As illustrated in Figure  ssDNA binds is open in one form, but not in the other.
The relative orientations of the four subdomains within 5E, this cleft is no longer accessible in the closed form of the Rep monomer. In addition to closing off the cleft, the open conformation of the Rep monomer ( Figures  3, 5A , and 5D) seem virtually identical to those in the the swiveling transition of domain 2B also partially buries the ssDNA binding groove between domains 1A and 1B in the loop connecting helices ␣T and ␣U, and in the C-terminal end of helix ␣U. Finally, newly formed conand consequently buries the 3Ј end of the ssDNA (see below). tacts in domain 1A include residues in the C-terminal end of helix ␣C and in the loop connecting it to the next The conformational transition of domain 2B (open-toclosed) exposes ‫027ف‬ Å 2 of molecular surface, located strand. In solution, the Rep dimer is able to bind two moleat the tips of domains 1B and 2B (140 Å 2 ) and at the interface between domains 2B and 2A (580 Å 2 ). The cules of dT(pT) 15 , although extensive negative cooperativity reduces the affinity for the second dT(pT) 15 moledisrupted interface between domains 1B and 2B consists of polar residues in the loops connecting helices cule (Wong and Lohman, 1992; Wong et al., 1992; Bjornson et al., 1996b) . Furthermore, there is clear evi-␣E and ␣F (domain 1B) and helices ␣S and ␣T (domain 2B), while that between domains 2A and 2B is composed dence for asymmetry in the mechanism of ATP hydrolysis in each of the two subunits of the Rep dimer, with of both polar and hydrophobic residues in helix ␣N and strand ␤I (domain 2A) and in helices ␣T and ␣U (domain only one subunit bound to ssDNA (a P 2 S dimer [ Figure  1 ]) (Wong and Lohman, 1997) . The presence of two 2B). The few disrupted hydrophobic contacts are not part of a larger hydrophobic core in the protein. Rym ϭ ⌺ ԽI Ϫ <I> Խ/⌺ I, where I ϭ observed intensity and <I> ϭ average intensity from multiple observations of symmetry-related reflections. R iso ϭ ⌺ ԽԽFPHԽ Ϫ ԽFPԽԽ/⌺ԽFPԽ, where ԽFPԽ ϭ protein structure factor amplitude and ԽFPHԽ ϭ heavy-atom derivative structure factor amplitude. Phasing power ϭ root mean square (ԽFHԽ/E), where ԽFHԽ ϭ heavy-atom structure factor amplitude and E ϭ residual lack of closure. FOM ϭ Figure of Merit. Rms bond lengths and angles are the deviations from ideal values. a Free R values were calculated using 5% of the data set. b Indicates percentage of overall completeness and completeness in the last resolution shell (3.0-3.14 Å for the binary complex and 3.2-3.34 Å for the ternary complex), respectively.
(R533, R537, and R542, based on the newly revised dT(pT) 15 molecule is observed per Rep dimer ( Figure 6A ). The presence of one continuous oligodeoxynucleotide amino acid sequence of the Rep protein by Daniels et al. [1992] ) near or within the hinge region (residues 538-546) was confirmed by separately crystallizing two complexes with different ss oligodeoxynucleotides that were around which domain 2B must rotate to undergo the swivel motion needed to interconvert the two Rep monoiodinated at different positions: the locations of the iodine atoms determined by both difference Patterson mer conformations ( Figure 5C ). These results strongly suggest that such rotation is relevant to Rep's activity. synthesis and difference Fourier techniques clearly indicated binding of a single DNA molecule (see ExperimenSuch motions may function to modulate selectively ssDNA and dsDNA binding affinities at stages of the tal Procedures). This was surprising in light of the biochemical evidence that two dT(pT) 15 molecules can bind unwinding cycle and/or may promote translocation of the helicase along the DNA filament by moving one subto the functional Rep dimer (Wong and Lohman, 1992; Wong et al., 1992; Bjornson et al., 1996a Bjornson et al., , 1996b . Neverunit of the dimer relative to the other (see discussion below). Interestingly, the swiveling motion of domain 2B theless, analysis of the contacts made by DNA in both monomers (open and closed forms) indicates that the within a single monomer spans a length comparable to that of ‫5ف‬ nucleotides, which coincidentally is the surfaces involved in DNA binding are similar for each monomer, and that the orientation of the DNA in both unwinding step size of the dimeric E. coli UvrD helicase (Ali and , which shares ‫%04ف‬ sequence monomers is identical, strongly suggesting that the binding contacts of ssDNA observed in the crystal are similarity with E. coli Rep and can form heterodimers with Rep (Wong et al., 1993 (Gorbalenya and Koonin, 1993) . Based on sequence homology, seven conElectron density for the oligodeoxynucleotide was clearly interpretable (Figure 2A ), and a model for a dT(pT) 15 served sequence motifs, referred to as "helicase motifs," have been identified (Figures 4 and 6C) . As previously molecule could be built unambiguously. The dT(pT) 15 molecule is bound to each monomer of the Rep dimer shown for the PcrA helicase (Subramanya et al., 1996), these motifs map to a shallow cleft between the two in the asymmetric unit, and therefore, only one bound (Kraulis, 1991; Merritt and Murphy, 1994) .
RecA-like domains 1A and 2A within each Rep monomer the crystal. The importance of the 250-252 region in ssDNA binding is emphasized by the involvement of an ( Figure 6C ). The functional roles of motifs I and IV, which form the lower parts of the cleft, were clarified by the additional residue, Tyr-248, which is within hydrogen bonding distance of the phosphate moiety of nucleotide structure of the PcrA helicase bound to ADP: residues in these motifs were shown to be involved in contacts 3. This region is part of the conserved motif III and also corresponds to the unstructured loop 2 of RecA. with the nucleotide. However, the roles of the remaining motifs were still unclear. The structure of the Rep monoInvolvement of Trp-250 in binding is consistent with the observation of quenching of Rep's tryptophan fluomer bound to ssDNA presented here clearly shows that three of the five remaining motifs, i.e., Ia, III, and V, rescence upon interaction with ssDNA (Bjornson et al., 1996a) . Involvement of Tyr-248 in binding is consistent contain many of the amino acids that contact ssDNA.
Important protein-DNA contacts are summarized in with the observation that the equivalent residue within the UvrD helicase is accessible to cleavage by chymo- Figures 6 and 7 . The open form of the Rep monomer contacts the 5Ј end of the ssDNA between base 1 and trypsin in the absence of DNA but is protected from cleavage upon binding ssDNA (Chao and Lohman, base 8, while the closed form of the Rep monomer contacts the 3Ј end of the ssDNA between bases 9 and 16. 1990). A bending of the DNA backbone similar in magnitude Protein-DNA contacts between bases 1 and 5 and between bases 12 and 16 are virtually identical, and thereto that observed between bases 2 and 4, albeit with opposite directional effect, occurs after base 5: this fore, both views of ssDNA bound to each monomer constitute independent corroborating evidence for the bending appears to be facilitated by the stacking effect of Phe-183. This residue in the closed Rep monomer importance of these interactions. These common surfaces constitute the core of the ssDNA binding site and also interacts with base 16 (the equivalent of base 5 in the open monomer). However, the chemical environwill be described first.
Within each monomer, the 5Ј end of the ssDNA is ment of base 16 is quite different from that of base 5, with Phe-183 together with residues of domains 1A and bound to the bottom of the large cleft formed between the four subdomains of the protein, and the 3Ј end to 2B of the closed form forming a capping pocket that completely buries nucleotide 16 (see below for details). an electrostatically positive groove located between subdomains 1A and 1B. Observable contacts between Phe-183, which is also conserved within the PcrA and UvrD sequences, does not belong to any known helicase protein and DNA include stacking interactions involving tryptophan (Trp-250) and phenylalanine (Phe-183) resimotif.
Other observed contacts with the bases include residues and the thymidine bases. Base stacking is observed between bases 1 and 2 in the open form of the dues of a motif previously described for members of the DEX(D/H) family of helicases, i.e., the TXGX motif Rep monomer (12 and 13 in the closed monomer) and between bases 4 and 5 (15 and 16 in the closed monolocated near motif Ia (Pause and Sonenberg [1992] and Figures 4 and 6C) . The side chain of His-85 in this motif mer). Base 3 (base 14 in the closed monomer) is displaced out of a possible stacking arrangement with is within hydrogen bonding distance of base 5 (or 16), and this side chain also participates in the capping of bases 1 and 2 by the side chain of Trp-250, which is seen stacked with base 2. This stacking substitution base 16. Two additional regions, one very close to motif VI and results in a 30Њ bend of the DNA backbone. Hydrogen bonding interactions between base 3 and Arg-251 apanother close to the TXGX motif, interact with the DNA using base-side chain contacts. Residues involved are pear to stabilize the base in the conformation seen in Finally, another set of protein-DNA contacts in the that are not common to both conformations of the monomer. These comprise contacts mainly in the region bessDNA binding core are made with the ssDNA backbone. Residues in motif Ia (Thr-56 and Asn-57) and in tween nucleotides 6 and 11 that link the two Rep monomers. However, such contacts may be the result of motif V (Thr-556 and His-558) make such contacts, as well as residues in nonmotif regions such as Arg-350, constraints imposed on a singly bound ssDNA by the . In this conformation, domain 2B closes off the large cleft and packs against domains 1B and 1A, thereby obstructing the ssDNA binding groove between these two domains. This orientation of domain 2B relative to the other domains corresponds to a 130Њ rotation around a hinge region between domains 2A and 2B. This figure was generated using InsightII (Biosym, San Diego, CA). (Kraulis, 1991; Merritt and Murphy, 1994 Although the two monomers in the asymmetric unit ( Figure 6A ) have very different orientations with respect to each other, the polarity of the ssDNA in both monomers is identical, with the 5Ј end of the ssDNA binding to surfaces formed by domains 1A and 2A and the 3Ј end binding to surfaces formed between domains 1A and 1B. At least some of the structural determinants of DNA polarity lie in the specific interactions between the bases and the protein; attempts at modeling a ssDNA with reverse polarity resulted in a loss of stacking interactions and less optimal backbone-protein interactions. Interestingly, no ssDNA contacts are observed with domain 2B in either Rep monomer. In fact, domain 2B is the only domain that makes no contact with either the DNA or the nucleotide. This may support our hypothesis pretable density ( Figure 2B ) was found at the base of the interface or shallow cleft formed between the two RecA domains 1A and 2A ( Figures 6B and 6D) , which relative orientation of the two ssDNA binding cores of the two monomers in the asymmetric unit of the crystal.
was the expected position based on the X-ray structure of a monomer of the B. stearothermophilus PcrA heli-A more significant contact may be that of Arg-537 of the closed Rep conformer with base 16. Arg-537 is a case bound to ADP . As for the PcrA-ADP complex, the ADP binding site in Rep is constituent of the hinge region between domains 2A and 2B, and the tip of the side chain participates in the composed of residues from the conserved so-called helicase motifs I and IV. pocket surrounding base 16.
As mentioned above, a major consequence of the As previously noted , the structures of domains 1A and 2A within PcrA, and as conformational rearrangement of domain 2B to form the closed Rep monomer is to create a pocket that totally we also show for Rep, have striking similarities to the nucleotide binding domain of E. coli RecA protein. It has surrounds the 3Ј end of the ssDNA. Base 16 is indeed completely protected from the solvent and is capped been proposed that in RecA the magnesium ion of Mg-ATP is coordinated by an aspartate (Asp-144) (Story and by protein residues that include residues from domains 1B (Phe-183 and Asp-110), 1A (Thr-56, Asn-57, and HisSteitz, 1992 ) that corresponds to Asp-214 in motif II of Rep. Glu-215, a residue also present in motif II of Rep, 85), and 2B (Leu-536 and Arg-537). Interestingly, participating residues of domain 2B only include those close is in the same relative position in space as Glu-96 in RecA, a residue that is proposed to activate the atto the hinge region between domains 2A and 2B, about which domain 2B rotates, suggesting that involvement tacking water during hydrolysis of ATP. Interestingly, Asp-214 and Glu-215 are part of a loop that is within 5 of these residues in ssDNA binding may facilitate the swivel motion of domain 2B.
Å of both motifs III and Ia, which contain residues that participate in ssDNA binding (Figures 4 and 6D ). Rep is a 3Ј-to-5Ј helicase, thus a 3Ј ssDNA flanking The Rep dimer seen in the asymmetric unit in the crystal has one molecule of dT(pT) 15 shared between (in ␤B) and motif III (in ␤E). This arrangement is reminiscent of that observed for transducin-␣, where the ␤ both Rep monomers ( Figure 6A ). However, we think it unlikely that this configuration reflects a functional form strands move closer to one another in the GTP-bound state (Lambright et al., 1996) . It is therefore conceivable of the ssDNA-bound Rep dimer for several reasons. First, in solution, the functional Rep dimer can bind two that, in Rep, ATP binding and hydrolysis cause conformational changes in the configuration of the large ␤ molecules of dT(pT)15, although with negative cooperativity (Wong and Lohman, 1992; Wong et al., 1992 ; Bjornsheet in domain 1A, which in turn affects DNA binding. Such a suggestion is consistent with observations that son et al., 1996a, 1996b) , whereas it does not seem that an additional dT(pT) 15 could bind to the Rep dimer as it a mutation at the base of motif III in UvrD, i.e., in strand ␤E, results in partial uncoupling of ATPase and DNA exists in the asymmetric unit. Furthermore, even a shorter oligodeoxythymidylate, d(pT) 8 , can induce Rep unwinding activities (Brosh and Matson, 1996) .
Residues in motif VI, a motif that is not directly indimerization (Wong et al., 1992) , even though it is not long enough to bridge the two monomers and still mainvolved in DNA or nucleotide binding, make contacts with residues in both motif IV and motif III. Motif VI tain the same contacts with each monomer as observed in Figure 6A . Structural considerations also support this encompasses helix ␣W: residues at the N-terminal end of the helix (Glu-591, Arg-594, and Val-598) make conconclusion since in the dimer in the asymmetric unit ( Figure 6A ), domain 1B of the open Rep monomer is tact with residues of motif III (Ser-246 and Ile-247), while residues at the C-terminal end of the helix wedged into a large cleft formed between domains 1B and 2B of the closed Rep monomer, which would premake contact with residues of motif IV (Arg-278). Therefore, this helical structure may also be involved in transvent domain 2B of the closed monomer from being able to rotate into the open configuration. ducing nucleotide-induced conformational changes to the ssDNA binding region.
There are three other symmetry-related monomermonomer interfaces observed in the crystal, any of Finally, contacts, including a salt bridge (Arg-278 and Glu-564), are observed between residues in motif IV which could reflect interfaces involved in the functional Rep dimer. Two of these possible dimers involve only and motif V, indicating another possible transducing mechanism. In this regard, it is important to keep in heterodomain interfaces, for example, between 2A and 1A of one monomer and 1A, 1B, and 2B of the second mind that allosteric effects are also transduced between monomers of the functional Rep dimer (Wong and Loh- monomer, and in the other case, between 1A of one monomer and 2A and 2B of the second monomer (data man, 1992; Bjornson et al., 1996b) . not shown). In each of these cases, any swiveling of domain 2B would result in a significant loss of contact Structure of the Rep Dimer An understanding of the mechanism of DNA unwinding area, possibly leading to destabilization of the dimer. However, the remaining dimer, which is shown in Figure  and helicase translocation must ultimately focus on the Rep dimer. However, there are four possible dimer inter-8A, is unique among the four possibilities in that the interface is primarily mediated by interactions between faces between the monomers observable in the crystal, and we do not know which interface is used in the funcdomains 2B of each monomer, although it is not 2-fold symmetric and some 2B-2A contacts are also apparent. tional Rep dimer. Furthermore, since the solution conditions that resulted in diffractable Rep-DNA crystals differ
We think it likely that some form of this 2B-mediated Rep dimer may reflect the functional Rep dimer for the from those under which the monomer-dimer and ssDNA binding equilibria have been characterized, we do not following reasons: first, a dimer in which the same domain from each monomer is involved in the dimer interknow with certainty whether the crystallization conditions favor formation of a functional Rep dimer. In the face limits formation of higher order assembly states, which are not observed for Rep in solution, and second, presence of Mg 2ϩ (5 mM MgCl2, 6 mM NaCl [pH 7.5, 4ЊC]) and a 1:2 molar ratio of dT(pT)15/Rep monomer, in this dimer, rotation about the 2A-2B hinge region in either (or both) monomer amplifies the effect of the the P2S Rep dimer forms exclusively (at Rep protein conformational change observed in a single monomer concentrations Ͼ 0.5 M), in which one subunit of the and generates very large relative movements of the DNA dimer is bound to dT(pT) 15 (Bjornson et al., 1996a; binding sites within the dimer ( Figure 8B) . Such large et al., 1996) . However, at higher ratios of dT(pT) 15 /Rep, relative movements may function in Rep dimer translothe negative cooperativity for DNA binding to the second cation (see below). site of the Rep dimer will tend to destabilize the Rep dimer, and Rep monomers bound to dT(pT) 15 can become a significant fraction of the population at equilibImplications of Domain 2B Swiveling for Rep Dimer Translocation rium (Bjornson et al., 1996a (Bjornson et al., , 1996b . Higher temperatures and NaCl concentrations also de-
The structures of the Rep protein reported here provide the first detailed view of a helicase bound to ssDNA. stabilize the Rep dimer (J. Hsieh, unpublished data). The These structures also demonstrate that the Rep monoobserved in the crystal, with one open and one closed Rep subunit, may also explain the functional asymmetry mer is capable of undergoing very large movements of domain 2B, relative to the other three domains.
of the Rep dimer in solution. Equilibrium (Wong and Lohman, 1992; Wong et al., 1992) and kinetic (Bjornson If the Rep dimer translocates by a subunit switching mechanism involving transient, alternating binding of et al., 1996a, 1996b ) studies of DNA binding indicate a strong negative cooperativity for DNA binding to the DNA to both Rep subunits (Figure 1 ), then one way to accommodate this is to couple DNA and/or ATP binding Rep dimer. There is also clear evidence supporting the view that the Rep dimer is functionally asymmetric, with or hydrolysis to large relative movements of the two DNA binding sites within the dimer. Such large relative a weak DNA binding site and a strong DNA binding site (Bjornson et al., 1996b) , and that the individual subunits movements are clearly possible for a Rep dimer stabilized by a 2B-2B interface such as that presented in of the asymmetric Rep dimer undergo a concerted conformational change when both subunits are bound to Figure 8A . An example of the extreme relative movements that can occur is shown in Figure 8B . The relative DNA such that the strong DNA binding site is converted to the weak binding site and vice versa. If low affinity positions of the two DNA binding sites move by ‫57ف‬ Å based on a single rotation of 130Њ about one of the ssDNA binding is associated with one type of subunit (e.g., the open subunit) and high affinity binding with the 2B-2A hinge regions (hinge 1 in Figure 8A ) within one subunit. Clearly, additional conformations can be achieved other (closed) subunit, then a concerted conformational transition of the dimer such that the open subunit beby combining rotations about both hinge regions within the Rep dimer. Such large relative movements would comes closed and vice versa would explain the interconversion of weak and strong binding sites on the dimer. facilitate a rolling mechanism of translocation as proposed for the Rep dimer (Wong and Lohman, 1992 ) (see Figure 1 ) and may be similar to the "hand over hand"
Experimental Procedures
mechanisms proposed for the microtubule motor protein kinesin, which also functions as a dimer (Howard, Crystallization 1996) . Large domain movements such as those obThe E. coli Rep helicase was purified as described (Lohman et al., 1989) , and all oligodeoxynucleotides were synthesized and purified served here for the Rep helicase may occur generally as described (Wong et al., 1992) . The protein-dT(pT) 15 complex was in other helicases including hexamers (Yu et al., 1996) . Finally, the asymmetric structure of the Rep dimers weeks. After cryoprotection and freezing to liquid nitrogen temperathe use of two different dT(pT)15 molecules containing iodine, with patterns of iodination such that the heavy metal positions could ture, these crystals diffracted to 3.5 Å in the laboratory setting (Rigaku Raxis IV image plate mounted on a Rigaku RU200 rotating unambiguously be ascribed to a single DNA molecule. anode X-ray generator) and 3.0 Å at the Stanford Synchrotron Radiation Laboratory (SSRL, Stanford). Crystals were in space group Refinement P4 3 2 1 2, with unit cell dimensions a ϭ b ϭ 141.8 Å , and c ϭ 284.8
The resulting atomic model was refined against 3.0 Å native data Å . A complete native data set was collected at SSRL on beamline 7.1, by positional and torsional dynamics refinement with 73% of the using a single frozen crystal. All derivative data sets were collected in main chain atoms restrained by noncrystallographic symmetry (Prothe laboratory using single frozen crystals for each data set. . Rms using DENZO and SCALEPACK (Otwinoski, 1993) . Crystals of the deviations between equivalent restrained regions of the monomers binary ssDNA-Rep complex and the ssDNA-Rep-ADP ternary comare 0.15 Å for domains 1A and 2A, 0.17 Å for domain 1B, and 0.2 Å plex both contain two Rep monomers in the asymmetric unit. The for domain 2B. Individual temperature factor refinement was used, self-rotation function did not reveal the presence of a strong nonresulting in average temperature factors of 41 Å 2 and root-meancrystallographic 2-fold axis.
square deviation for bonded atoms of 2.2. The free R value is 32.8% and the R value is 22.8% with good stereochemistry. The model Structure Determination includes residues 2-642 in the open monomer and 2-640 in the The structure determination was carried out by the multiple isomorclosed monomer. It is interrupted between residues 539 and 546 in phous replacement (MIR) method. An extensive search for heavy the open monomer and between residues 543 and 545 in the closed metal derivatives resulted in the collection of a data set on a crystal monomer. Electron density for side chains was not clearly interpretsoaked in a solution of 2 mM Pb(NO 3)2 that yielded an interpretable able between residues 145 and 156 in the open Rep conformer and difference Patterson map with strong peaks at the w ϭ 1/4 Harker between residues 145 and 156 and residues 616 and 621 in the section. Heavy metal positions were readily determined by manual closed Rep conformer, and therefore, the model contains alanine inspection. Additional peaks were found using difference Fourier residues in these regions. The model does not contain solvent moletechniques, and all positions were then refined using the program cules. All residues are in the allowed region of the Ramachandran HEAVYv45 (Terwilliger, 1994) . This yielded an initial set of phases plot. The structure of the ternary complex was determined by refinto a resolution of 4 Å that were used by the difference Fourier ing the binary complex model directly against the ternary complex technique to analyze other heavy metal derivative data sets. The data. The resulting model was used in a difference Fourier calculaanomalous signal for the lead nitrate derivative was of sufficient tion that yielded clear electron density for the nucleotide in the open quality (the anomalous difference Patterson map recapitulated the Rep conformer ( Figure 2 ) and weak density in the other monomer major peaks in the isomorphous difference Patterson map) to be at a position similar to that seen in PcrA complexed to ADP (Subraincorporated into the calculation of phases. In addition, Rep was manya et al., 1996) . Refinement of the ternary complex proceeded separately cocrystallized with two modified dT(pT) 15 molecules, with as described for the binary complex and resulted in similar R value 5-iodo-uridylate replacing thymidylate at positions 3, 8, 9, and 14 and slightly higher free R value. The average temperature factor for in one molecule and at positions 2 and 11 in the other. The two ADP in the open conformation is lower than the average temperature resulting data sets were included in a difference Patterson synthesis factor for the nucleotide in the closed conformation, suggesting and a difference Fourier analysis that yielded identical iodine posithat the ADP molecule is more weakly bound in the closed Rep tions. The initial MIR map calculated to a resolution of 4.0 Å ( Figure  conformer . The coordinates for the structure of the binary complex of Merit ϭ 0.56) showed clear separation of the protein and solvent have been deposited (PDB entry code 1UAA). regions. The MIR phases were further improved by solvent flattening (70% solvent content) using the program SOLOMON (CCP4, 1994) ,
